BACKGROUND: Individuals with a family history of cancer may be at increased risk of pancreatic cancer. Ashkenazi Jewish (AJ) individuals carry increased risk for pancreatic cancer and other cancer types. METHODS: We examined the association between family history of cancer, AJ heritage, and incident pancreatic cancer in 49 410 male participants of the prospective Health Professionals Follow-up Study. Hazard ratios (HRs) were estimated using multivariableadjusted Cox proportional hazards models. RESULTS: During 1.1 million person-years 1 This high mortality rate is largely related to the diagnosis of patients at advanced stages when the disease is unresectable and thus incurable.
BACKGROUND
Pancreatic cancer is the third leading cause of cancer-related mortality in the United States (U.S.) with an overall 5-year survival rate of <10%. 1 This high mortality rate is largely related to the diagnosis of patients at advanced stages when the disease is unresectable and thus incurable. 2 Therefore, there is a great need for identification of risk factors for pancreatic cancer and establishment of screening strategies to reduce mortality associated with this malignancy.
Individuals with a family history of pancreatic cancer carry increased risks of pancreatic cancer [3] [4] [5] [6] [7] [8] and other cancer types. [9] [10] [11] In addition to environmental and lifestyle factors shared by family members, studies have identified genes that contribute to familial clustering of pancreatic cancer, including ATM, BRCA1, BRCA2, CDKN2A, and PALB2, as well as PRSS1 and SPINK1 for hereditary pancreatitis. [12] [13] [14] [15] [16] [17] [18] Evidence also links family history of other cancer types to increased risk of pancreatic cancer. [5] [6] [7] [8] 18, 19 BRCA1 and BRCA2 for hereditary breast and ovarian cancer, DNA mismatch repair genes responsible for Lynch syndrome, and CDKN2A for familial atypical multiple melanoma and mole syndrome may contain underlying germline mutations that predispose to pancreatic cancer and other cancer types. [16] [17] [18] [19] [20] [21] [22] [23] However, the association of family history of various cancer types with risk of pancreatic cancer has not been fully evaluated in prospective studies with long duration of follow-up. Furthermore, individuals of Ashkenazi Jewish (AJ) heritage represent a genetically distinct population, [24] [25] [26] [27] which is characterised by higher prevalence of germline mutations in BRCA1, BRCA2, MSH2, and MSH6, [28] [29] [30] and higher incidence of various malignancies including pancreatic cancer. [31] [32] [33] [34] [35] The National Comprehensive Cancer Network (NCCN) guidelines recommend genetic counselling for AJ individuals diagnosed with pancreatic cancer. 36 Yet, the association of family www.nature.com/bjc history with risk of pancreatic cancer is not well defined in the context of religious heritage.
To test the hypothesis that family history of other cancer types is associated with increased risk of pancreatic cancer, we conducted a prospective study based on a large U.S. cohort. We further examined pancreatic cancer risk associated with cancer family history by AJ ancestry.
MATERIALS AND METHODS

Study population
We collected data from an ongoing prospective cohort study in the U.S., the Health Professionals Follow-up Study (HPFS). 37 In 1986, the HPFS cohort was established when 51,529 male health professionals aged 40-75 years (dentists, optometrists, osteopaths, pharmacists, podiatrists, and veterinarians) returned a baseline questionnaire. Participants have been sent questionnaires to report demographics, medical and social history, and health outcomes such as cancer diagnoses every 2 years, and to report dietary patterns every 4 years. Participants were followed until diagnosis of pancreatic adenocarcinoma, death from any cause, or the end of follow-up (31 January 2016), whichever came first. The follow-up rate has been more than 90% for each follow-up questionnaire cycle. Informed consent was obtained from all participants at study enrolment, and the HPFS was approved by the institutional review board at Harvard T.H. Chan School of Public Health (Boston, MA, USA).
Patients with pancreatic cancer were identified by self-report, next-of-kin, or review of the National Death Index. Physicians blinded to exposure data confirmed the diagnosis of pancreatic adenocarcinoma by review of medical records, death certificates, or cancer registry data. Deaths were ascertained based on information from next of kin, U.S. postal service, and/or the National Death Index; this method has been shown to capture >98% of deaths. 38 We excluded participants with a history of cancer at baseline (exception of non-melanoma skin cancer) and those without available data on family history of cancer.
Assessment of family history of cancer We utilised data on family history of cancer in first-degree relatives including parents, siblings, and offspring which have been prospectively collected from questionnaires. Family history was assessed in 1996 for breast cancer; in 1986, 1990, 1992, 1996, 2008, and 2012 ), physical activity (metabolic equivalent of task-hours/week in quintiles), alcohol intake (0, 0.1-4.9, 5-14.9, 15-29.9, or ≥30 g/day), and regular multivitamin use (yes/no). We further adjusted for religious heritage (AJ or others). These covariates were treated as time-dependent to account for changes over time, if applicable. To reduce intraindividual variation and to consider long-term influences, we used the cumulative average for relevant covariates, which was the mean of all available data prior to each questionnaire cycle. The assumption of proportional hazards for the exposure variables and covariates was verified using Schoenfeld residual plots, which supported the proportionality of hazards during the follow-up period (data not shown). We assessed statistical interaction by entering main effect terms and the cross-product of family history of cancer and a stratification variable into the model and evaluating the Wald test. In all analyses, 2-sided P values < 0.05 were considered statistically significant, and SAS statistical software (version 9.4, SAS Institute, Cary, NC, USA) was used.
RESULTS
During follow-up of 49,410 study participants (1,173,906 personyears), 452 men developed incident pancreatic adenocarcinoma. Table 1 summarises age-standardised baseline characteristics of participants, overall and by AJ ancestry. Supplementary Table S1 shows the distribution of family history of cancer by AJ ancestry. Compared with non-AJ men, AJ men were more likely to have Family history of cancer, Ashkenazi Jewish ancestry, and pancreatic. . . T Hamada et al. family members with colorectal, breast, or pancreatic cancer, and were less likely to have those with prostate cancer. Compared to non-AJ individuals, AJ individuals appeared to be at a higher risk of pancreatic cancer, but the association did not reach statistical significance (multivariable-adjusted HR, 1.29; 95% CI, 0.94-1.77).
Family history of breast cancer was associated with higher risk of pancreatic cancer (HR, 1.40; 95% CI, 1.01-1.94; Table 2 ). There was a trend towards higher risk of pancreatic cancer in relation to family history of colorectal cancer (HR, 1.21; 95% CI, 0.95-1.55; Table 2 ). When further adjusted for AJ ancestry, these associations remained largely unchanged (HR, 1.50 [95% CI, 1.07-2.12] for breast cancer; and HR, 1.27 [95% CI, 0.93-1.73] for colorectal cancer; Table 3 ). As expected, family history of pancreatic cancer was associated with higher risk of the disease (HR, 2.79; 95% CI, 1.28-6.07; Table 2 ). We observed no statistically significant association of family history of prostate cancer, melanoma, or lung cancer with pancreatic cancer risk (P > 0.49, Table 2 ).
We examined the association of family history of breast or colorectal cancer with pancreatic cancer risk in strata of AJ ancestry (Table 4) . Family history of breast cancer was more strongly associated with pancreatic cancer risk in AJ individuals than in non-AJ Jewish individuals (P interaction = 0.04). A similar differential association was observed for colorectal cancer, but the test for interaction was not statistically significant (P interaction = 0.13). Compared with AJ individuals with no family history, those with a family history of breast and colorectal cancer had HRs of 2.61 (95% CI, 1.41-4.82) and 1.92 (95% CI, 1.05-3.49), respectively. The association of family history of colorectal cancer with pancreatic cancer risk appeared to be stronger for never smokers than forever smokers. We observed no statistically significant effect modification for the association of family history of breast or colorectal cancer with pancreatic cancer risk by BMI or DM status (P interaction > 0.60, 
DISCUSSION
Within a large U.S. cohort with 30 years of follow-up, we prospectively examined the association of family history of cancer with risk of incident pancreatic cancer. In addition, we examined how the association differed according to religious heritage and major risk factors for pancreatic cancer. Specifically, we evaluated family history of melanoma and breast, colorectal, lung, pancreatic, or prostate cancer. Notably, family history of breast cancer was associated with approximately 40% higher risk of developing pancreatic cancer over the study follow-up period. Interestingly, the elevated risk with a family history of breast or colorectal cancer was largely confined to individuals of AJ descent, identifying a group of participants at particularly elevated risk of pancreatic cancer. Furthermore, in stratified analyses, participants with both diabetes mellitus and a family history of breast or colorectal cancer had a greater than 2-fold risk of developing pancreatic cancer. Similar to data from previous studies, [3] [4] [5] [6] [7] [8] we noted a 2.8-fold increase in risk for pancreatic cancer with a family history of this malignancy. These findings indicate the potential of ), physical activity (MET-hours/week in quintiles), alcohol intake (0, 0.1-4.9, 5-14.9, 15-29.9, or ≥30 g/day), and regular multivitamin use (yes/no) ), physical activity (MET-hours/week in quintiles), alcohol intake (0, 0.1-4.9, 5-14.9, 15-29.9, or ≥30 g/day), regular multivitamin use (yes/no), and AJ ancestry (yes/no) Family history of cancer, Ashkenazi Jewish ancestry, and pancreatic. . . T Hamada et al. family history to identify individuals at elevated risk for pancreatic cancer, particularly when combined with additional factors such as AJ ancestry and a history of diabetes mellitus.
In a meta-analysis of 8 case-control studies and 1 prospective cohort study involving 6568 pancreatic cancer cases, the pooled relative risk for pancreatic cancer comparing positive vs. negative family history of this malignancy was 1.80 (95% CI, 1.48-2.12). 40 Although increased risk of pancreatic cancer has been also reported among individuals with a family history of other cancer types, data from prospective studies are limited with inconsistent conclusions. In a prospective study of a U.S.-based cohort, family history of breast and colorectal cancer was associated with modestly increased pancreatic cancer mortality with HRs of 1.06 (95% CI, 0.97-1.15) and 1.12 (95% CI, 1.01-1.23), respectively. 8 Data from a large cancer registry in Sweden suggested no significant increase in pancreatic cancer incidence associated with positive family history of breast, colon, and rectal cancer with standardised incidence ratios (SIRs) of 0.99 (95% CI, 0.75-1.27), 0.91 (95% CI, 0.66-1.24), and 1.34 (95% CI, 0.94-1.87), respectively. 5 In a nested case-control study pooling 12 prospective cohort studies and a case-control study, family history of breast and colorectal cancer was not statistically significantly associated with pancreatic cancer risk (odds ratios, 1.21 [95% CI, 0.97-1.51] and 1.17 [95% CI, 0.93-1.47], respectively). 6 Shared genetic architecture may contribute to familial predisposition to multiple cancer types. For pancreatic cancer, these alterations may include germline high penetrance mutations in the DNA double-strand break repair genes responsible for inherited breast and ovarian cancer (e.g., BRCA1, BRCA2, and PALB2) and the DNA mismatch repair genes responsible for Lynch syndrome (e.g., MLH1, MSH2, MSH6, and PMS2). [18] [19] [20] [41] [42] [43] The Breast Cancer Linkage Consortium reported the relative risk for pancreatic cancer of 2.26 (95% CI, 1.26-4.06) for BRCA1 mutation carriers and 3.51 (95% CI, 1.87-6.58) for BRCA2 mutation carriers. 16, 17 A prospective study reported a SIR for pancreatic cancer of 10.68 (95% CI, 2.68-47.70) among 446 carriers of a mismatch repair gene mutation. 20 The aggregate of multiple low penetrance single nucleotide variants may also contribute to shared risk of multiple malignancies. 44 Few prospective studies have evaluated the association of family history with risk of pancreatic cancer after considering religious heritage. In the current study, family history of breast and colorectal cancer appeared to be more strongly associated with risk of pancreatic cancer in AJ men than in non-AJ men. AJ individuals are at higher risk of several cancer types including pancreatic cancer. [31] [32] [33] [34] Ashkenazi Jews are known to have founder mutations in BRCA1 (185_186delAG and 5382insC reported in 0.4% and 0.1%, respectively, of Ashkenazi women) 28 and BRCA2 (6174delT reported in 0.6% Ashkenazi women) 28 underlying hereditary breast cancer. 28, 29 They also have founder mutations in MSH2 (1906G>C reported in 0.44% Ashkenazi Jews with colorectal cancer) 45 and MSH6 (3959_3962delCAAG and 3984_3987dupGTCA reported in 0.11% and 0.30%, respectively, of Ashkenazi Jews with colorectal cancer) 46 underlying Lynch syndrome. 30 Those founder mutations may contribute to predisposition to pancreatic cancer. Therefore, family history of breast cancer in AJ men may be a surrogate for founder mutations in BRCA1 and BRCA2, whereas family history of colorectal cancer potentially serves as a surrogate for founder mutations in MSH2 and MSH6. Taken together, family history of breast or colorectal cancer in Ashkenazi Jews may mark a population with high risk of pancreatic cancer mediated through genetic alterations in these genes or others. Considering the joint risk estimates associated with a family history of breast or colorectal cancer, AJ ancestry, and diabetes status may assist in defining high-risk populations for disease screening.
Our study has notable strengths, including a prospective study design, large sample size with over 400 pancreatic cancer cases, and availability of religious heritage data. The data on family history and covariates were collected prospectively and updated repeatedly, which allowed us to rigorously adjust for potential confounders, to evaluate effect modification by other risk factors, and more importantly, to assess cancer family history without substantial recall bias, which can be a major problem when analysing family history data after a cancer diagnosis. 47, 48 The current study also has limitations that should be considered, including the availability of family history data for a select set of malignancies and self-reported information on family history. Nonetheless, misclassifications of family history status would likely have biased our findings towards the null hypothesis, as all participants were asked their family history prior to a diagnosis of pancreatic cancer. Though we cannot rule out the possibility of unmeasured confounding, our multivariable models included known and potential confounders associated with pancreatic cancer risk, 2, 39 and our findings did not differ substantially between age-adjusted and multivariable-adjusted models. We investigated family history of several cancer types, such that false positive results from multiple hypothesis testing are a possibility. However, strong a priori hypotheses are present for family history of breast and colorectal cancer, given the known founder mutations related to these cancer types in individuals of AJ descent. Finally, all participants were males in the current study, and therefore, our findings should be validated in female populations.
In conclusion, family history of breast cancer in one or more first-degree relatives was associated with increased incidence of pancreatic cancer in a large prospective cohort study of U.S. men. Individuals with a family history of colorectal cancer appeared to carry a modestly increased risk of pancreatic cancer. These associations were more pronounced among individuals of AJ descent and with a history of diabetes mellitus. Therefore, family history of other malignancies may be relevant for determining pancreatic cancer risk, particularly when combined with known risk factors for this disease. The Cox proportional hazards regression models were adjusted for the following covariates except for the stratification variable: age (continuous), race (white, black, other, or unknown), calendar year of questionnaire cycle (continuous), smoking in pack-years (never, 0.1-4.9, 5-19.9, 20-39.9, or ≥40), history of diabetes (yes/no), body mass index (<25, 25-29.9, 30-34.9, or ≥35 kg/m 2 ), physical activity (MET-hours/week in quintiles), alcohol intake (0, 0.1-4.9, 5-14.9, 15-29.9, or ≥30 g/day), and regular multivitamin use (yes/no) b P interaction was calculated using the Wald test for the cross-product of cancer family history (yes/no) and a stratification variable Family history of cancer, Ashkenazi Jewish ancestry, and pancreatic. . . T Hamada et al.
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